We describe the design and application of a new in-laboratory diffraction-enhanced x-ray imaging ͑DEXI͒ instrument that uses a nonsynchrotron, conventional x-ray source to image the internal structure of an object. In the work presented here, a human cadaveric thumb is used as a test-sample to demonstrate the imaging capability of our instrument. A 22 keV monochromatic x-ray beam is prepared using a mismatched, two-crystal monochromator; a silicon analyzer crystal is placed in a parallel crystal geometry with the monochromator allowing both diffraction-enhanced imaging and multiple-imaging radiography to be performed. The DEXI instrument was found to have an experimentally determined spatial resolution of 160Ϯ 7 m in the horizontal direction and 153Ϯ 7 m in the vertical direction. As applied to biomedical imaging, the DEXI instrument can detect soft tissues, such as tendons and other connective tissues, that are normally difficult or impossible to image via conventional x-ray techniques.
I. INTRODUCTION
Investigation of the internal structure of materials using x-ray imaging has proven to be a valuable technique in many different areas of science. Recently, a variety of new x-ray imaging techniques have been developed at synchrotron radiation facilities. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Rather than primarily focusing on the absorption properties of a sample to investigate an object's internal structure, such as in a conventional radiograph, these new analyzer-based techniques utilize many of the interactions that x rays undergo with an object to allow visualization of the sample's internal structure. These relatively nondestructive imaging techniques are being investigated for use in areas such as cartilage and bone imaging, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] smallanimal imaging, [29] [30] [31] [32] mammography, [33] [34] [35] [36] [37] [38] and other applications. 39 In conventional radiography, a large portion of the x-ray beam that reaches the detector after passing through the sample is a scattering component. X-ray scatter reduces the image contrast and sharpness thus resulting in a lesssensitive measurement. Analyzer-based techniques, however, are almost completely free of x-ray scatter as a result of the placement of an analyzer crystal between the sample and the x-ray detector. The analyzer crystal's narrow acceptance angle reduces the scattering component enhancing the contrast of the resultant image.
One of the first analyzer-based techniques that utilized the refractive index gradient of an object was diffractionenhanced imaging ͑DEI͒. 1 The DEI system is typically comprised of a monochromator, object of interest, analyzer crystal, and a x-ray detector. Single-crystal materials, such as silicon, are normally chosen for both the monochromator and the analyzer crystal. The crystals are placed in a parallel crystal geometry resulting in the production of a highly parallel, monochromatic x-ray beam.
Raw images, from which a set of DEI images is then computed, are collected with the analyzer crystal placed at three positions along the nearly triangular curve ͑the socalled "rocking curve"͒ of reflected intensity as a function of angle; specifically, the analyzer crystal is positioned at the left side and right side of the rocking curve and at the peak intensity. [1] [2] [3] Image collection at these points is achieved by changing the angle of the analyzer crystal to three predetermined positions along the rocking curve. The analyzer crystal's rocking-curve shape introduces sensitivity to refraction and scatter occurring within the object. Density, thickness, and/or material variations within an object will alter the direction of the x rays as they traverse the material, producing small angular variations of the transmitted x-ray beam. The steep sides of the reflectivity curve will convert these angle variations into intensity variations, thus making absorption, refraction and scattering effects visible in an image.
Recently, modifications to this technique have been explored in which the number of points collected along the rocking curve is increased-commonly referred to as multiple-image radiography ͑MIR͒. [6] [7] [8] By acquiring multiple images with the analyzer set to diffract at different points a͒ Author to whom correspondence should be addressed. Electronic mail: fogarty.d@neschllc.com. along the rocking curve, it is possible to separate the effects of absorption, refraction, and scattering. The ability to separately resolve these effects can deliver dramatic increases in image content and contrast over conventional radiography. The refraction images, in particular, provide edge enhancement at borders between materials of different refractive indices.
Synchrotron radiation sources have been a key component for the development of analyzer-based methodologies; however, the dependence upon these sources limits the applicability of these phase-related techniques-particularly for a clinical setting. Until now, the use of a conventional x-ray tube as the x-ray source for DEI and MIR imaging has been hindered as a result of the limited x-ray intensity and the corresponding increase in sample exposure time needed to produce a reliable contrast image. Because of the narrow acceptance angle of the analyzer crystal, DEI and MIR methods require precise positioning of the diffraction crystals ͑on the order of microradians͒. Inherent and induced thermal and mechanical instabilities that occur within the system cause small angular shifts over time. Therefore, as the exposure time of the sample increases the potential effects of instability of the diffracting crystals could increase as well. In order to overcome these instabilities a more robust crystal alignment design ͑or a feedback system͒ must be incorporated to overcome the natural fluctuations that occur within the system over time.
In the work presented here we describe the design of a new in-laboratory diffraction-enhanced x-ray imaging ͑DEXI͒ instrument that utilizes a conventional x-ray tube as its source of x rays. This first-generation platform, utilizing a low-power ͑2.2 kW͒ silver anode, has proven to be capable of imaging samples from multiple types of scientific disciplines. Through careful vibration isolation and the use of high-precision crystal-positioning stages we are able to image samples using both DEI and MIR methodologies. As a result, analyzer-based imaging experiments that were solely performed at synchrotron facilities can now be conducted in a laboratory, and potentially, in a clinical setting.
In Sec. II we describe details of the design and construction of the DEXI system-specifically the conventional x-ray tube, monochromator, sample compartment, analyzer crystal, x-ray detector, and the vibration isolation platforms. In Sec. III we detail the results of testing and characterization of the apparatus. Preliminary results are discussed, describing the system's resolution and radiation dose incident on a sample. A series of DEX images are presented of a human cadaveric thumb.
II. INSTRUMENT DESIGN
The primary goal in the design of the experimental apparatus described here was to perform analyzer-based experiments without the use of a synchrotron radiation source. By using a conventional x-ray tube, experiments such as DEI and MIR can be conducted in a laboratory and/or clinical setting. This ability to carry out such experiments has not previously been realized for a nonsynchrotron, analyzerbased x-ray system.
Achieving this goal requires the following:
͑1͒ a compact laboratory based x-radiation source; ͑2͒ stable, high-precision positioning stages for accurate alignment of diffraction optics; ͑3͒ vibration isolation of diffraction optics, sample chamber, and high-resolution x-ray detector.
With additional desired features: ͑4͒ machine control software for both diffraction optics positioning and raw data collection; ͑5͒ image processing software; and ͑6͒ a safety interlock system that prevents harmful radiation exposure before, during and after DEXI operation.
All of these factors are taken into consideration and incorporated in the design of the instrument to achieve these goals.
A. Nonsynchrotron x-ray source
A perspective diagram of the instrument is presented in Fig. 1 . A mismatched, two-crystal monochromator is placed in front of the conventional x-ray source and the resulting monochromatic beam is passed through the sample. 3 An analyzer crystal is placed immediately after the sample compartment followed by a high-resolution, digital detector. The entire system is arranged on top of a self-leveling pneumatic optical table; the overall dimensions of the DEXI system is 1.2 m͑h͒ ϫ 1.4 m͑l͒ ϫ 0.8 m͑w͒.
The DEXI instrument utilizes a 2.2 kW silver anode ͑Panalytical, Westborough MA, USA͒. It is powered using a 60 kV/125 mA high-voltage power supply ͑Universal Voltronics, Brookfield CT, USA͒ and is typically operated at a voltage of 55 kV and a current of 35 mA. The x-ray tube and its' accompanied housing is held in an automated multiaxis positioning cradle that is attached securely to the outervibration-isolation table ͓Fig. 1͑a͔͒; the x-ray source is held at an angle of ϳ6°resulting in a focal spot of 0.1 ϫ 12.0 mm 2 .
B. Mismatched, two-crystal monochromator
A two-crystal monochromator is placed directly in front of the conventional x-ray source to select the desired 22 keV, Ag K␣1 characteristic line ͓Fig. 1͑b͔͒. 3 The monochromator is made up of two mismatched crystals-a 100 mm diameter germanium ͑1,1,1͒ orientation crystal followed by a 100 mm diameter silicon ͑1,1,1͒ oriented crystal. In both crystals the FIG. 1. ͑Color online͒ A perspective schematic of the DEXI instrument: ͑a͒ 2.2 kW Ag x-ray tube and multiaxis positioning cradle; ͑b͒ mismatched, two-crystal monochromator; ͑c͒ sample compartment; ͑d͒ analyzer crystal; ͑e͒ high-resolution, digital x-ray detector; ͑f͒ inner-vibration-isolation platform; and ͑g͒ outer-vibration-isolation platform. 40 The HRP stages provide automated positioning of both crystals along the tilt ͑͒ and the rotation ͑͒ axes with ϳ0.06 rad resolution. Lead barriers designed specific to the footprint and position of the diffraction crystals are placed to minimize unwanted scattered radiation originating upstream from the monochromator. The resultant x-ray beam field of view at the sample compartment is approximately 12 mm wide by 60 mm tall.
C. Sample compartment
The sample compartment is based on an 800 mm linear stage that enables the specimen to be moved in and out of the path of x rays exiting the monochromator ͓Fig. 1͑c͔͒. The automated linear stage is attached to the outer-vibrationisolation table and is decoupled from the diffraction opticsreducing vibrations resulting from sample positioning. Separate attachments, such as rotational stages and vertical positioning stages, have been designed to provide additional positioning alternatives for imaging of a complex object. Samples are introduced to the instrument through the designated loading region of the instrument, which measures 200ϫ 200 mm 2 . Present maximum object dimensions are 250 mm in length and/or 150 mm in height. The maximum allowable thickness of a sample depends on the linear attenuation coefficient of the specimen.
D. Analyzer crystal and high-resolution, digital detector
A 100 mm diameter silicon ͑1,1,1͒ oriented crystal-the analyzer crystal-is placed immediately after the sample compartment, followed by a high-resolution digital detector ͓Fig. 1͑d͔͒. The analyzer crystal is held in place using an HRP stage; this stage is identical to those used in the fore mentioned monochromator providing a method of precise automated positioning of the diffraction optics. The HRP stage is attached directly to a 200 mm linear stage which allows the crystal to be centered with respect to the monochromatic x-ray beam.
A digital x-ray detector ͑Apex II by Bruker AXS, Madison WI, USA͒ is used to collect the raw data. The x-ray detector is placed directly after the analyzer crystal with its face at normal incidence to the diffracted beam ͓Fig. 1͑e͔͒. The detector has a software selectable pixel size of 240, 120, 60, 30, and 15 m with a phosphorous screen point spread function of 75 m ͓͑full width half max ͑FWHM͔͒. Currently, the detector is operated at a pixel resolution of 1024 ϫ 1024 mode which corresponds to a 60 m pixel size.
E. Vibration-isolation platforms
Vibration isolation is especially important in the design of the instrument as essential elements of the system ͑i.e., the high-voltage power supply and the water chiller͒, as well as ambient sources, may introduce vibrational noise. A variety of methods were employed to isolate the diffraction optics from these vibrations.
Primary vibration isolation is accomplished by placing the diffraction optics-the monochromator and the analyzer crystal-on a self-leveling, pneumatic vibration isolation table ͓Fig. 1͑f͔͒. A VIBRAPLANE workstation ͑9100 Series͒ manufactured by Kinetic Systems is used as the primary platform for the DEXI system. A second, independent, pneumatic vibration-isolation platform is attached to the steel support frame of the workstation ͑Fig. 1͑g͒͒. Attached to the outer platform are the conventional x-ray source, sample compartment, high-resolution digital detector, and lead safety shielding. It has been found that operating the instrument without the vibration isolation platforms activated reduces the intensity of the diffracted x-ray beam by ϳ30% or more depending upon laboratory conditions. This independent design provides a method for decoupling those elements of the instrument that are significant sources of vibrational noise from the diffraction optics.
F. DEX imaging software
The image collection is controlled by an in-house software program that is specifically designed for this system ͑written in LABVIEW; National Instruments, Austin TX, USA͒. The software allows the user to control all aspects of the instrument enabling complete automated control of all components. An image processing module-allowing processing of both DEI and MIR images-has been developed in-house using previously published processing methodologies for analyzer-based imaging. 
III. EXPERIMENTAL METHOD AND EXAMPLE DATA

A. General DEXI operating protocol
The general DEXI operating protocol requires that the user selects three parameters: ͑1͒ number of angular positions the analyzer crystal will be placed at along the rocking curve; ͑2͒ number of sample positions ͑translational and/or rotational͒ for the object of interest to be placed at during the experiment; and ͑3͒ exposure time. After image acquisition is complete the user can choose from a number of image processing methods.
Depending upon the mode of operation ͑DEI, MIR, etc.͒, the number of analyzer-crystal angular positions could range from a single position to multiple positions along the rocking-curve profile. [1] [2] [3] 6 After the angular positions and the sample's translational ͑and/or rotational͒ positions are determined, the user will then choose the desired exposure time per angular position and then start the experiment. A preview option allows the user to determine an appropriate exposure time.
The control software positions the sample and adjusts the analyzer crystal's angular position according to the user's input parameters. Once the experiment has ended, the raw data is processed using the image processing module which computes the several types of DEX images-apparent absorption and refraction ͑DEI͒, extinction, refraction, ultrasmall angle scattering ͑MIR͒, and/or scatter rejection. ͓No computations are required for scatter-rejection images.͔
B. DEX imaging resolution
The experimental resolution of the instrument was determined by imaging a 0.01-mm-thick, tungsten-carbide blade. A scatter-rejection image ͑analyzer crystal is positioned at the maximum peak intensity of the rocking curve͒ was taken of the tungsten-carbide blade. The resulting image was used to calculate the line spread function ͑LSF͒ of the machine. This was accomplished by first measuring the edge spread function ͑ESF͒, line-by-line, across the entire scatterrejection image. The measured ESFs were then averaged and the digital derivative of the averaged ESF was calculated to determine the LSF of the instrument. It was found that the FWHM of the instrument's LSF is 160Ϯ 7 m in the horizontal direction and 153Ϯ 7 m in the vertical direction.
The calculated LSF in the vertical and horizontal directions demonstrates that the LSF is symmetrical within the precision of our instrument. The calculated spatial resolution of the instrument is expected to hold for both single-image and multiple-image modalities. Experimentally it has been found that samples that have a large index of refraction ͑on the order of 10 rad͒ produce a shift in the image position of less than 1 m. These resultant shifts in image position are much smaller than the spatial resolution of the x-ray detector; therefore, the calculated spatial resolution of 160Ϯ 7 m in the horizontal direction and 153Ϯ 7 m in the vertical direction represents the spatial resolution for both single-image and multiple-imaging modes.
C. DEX imaging photon flux
Monte Carlo ͑MC͒ simulations have been performed to estimate the amount of radiation exposure a 10ϫ 10 ϫ 10 cm 3 tissuelike material is subject to when imaged with our DEXI instrument ͑22 keV͒. Our calculations show that our instrument delivers significantly less radiation ͑0.89 mGy͒ compared to a typical conventional mammography scan of the same tissue ͑3-4 mGy͒. 41 For these calculations, incident fluence rates were experimentally measured and used in conjunction with MC simulations. MC code EGSnrc/DOSXYZnrc was used; 42 this code makes use of the XCOM database for cross-section data.
43 Dose calculations using the MC method involves two important steps.
͑1͒
Creating an incident beam fluence map at some distance from the x-ray source. ͑2͒ Transporting photons from the fluence map through a simulation sample ͑a biological tissuelike material͒.
Typically, an x-ray beam emitted from a conventional x-ray tube consists of the bremsstrahlung spectrum and characteristic peaks that correspond to the anode material of the x-ray tube ͓e.g., 22 keV ͑Ag͔͒. However, the broad bandwidths of energies produced by a conventional x-ray source are filtered in our instrument via a monochromator. The resulting x-ray beam that traverses the sample consists of monoenergetic parallel x rays. As a result, we have chosen to use 22 keV monoenergetic parallel beam in our calculations to represent the x-ray beam produced by our instrument. The simulations were performed on a 10ϫ 10ϫ 6 cm 3 tissuelike material for 5 ϫ 10 7 iterations. The field size for the DEXI instrument is 1 ϫ 6 cm 2 stripe. In order to image a sample that has a larger surface area than that of the x-ray beam field of view, the sample needs to be scanned through the monoenergetic beam. To simulate this type of procedure, several 1 ϫ 6 cm 2 "stripes" aligned next to each other were used. Side scatter from one stripe to the next could potentially cause artifacts such as periodic fluctuations within the calculated field of view. However, the calculations show that a scattering equilibrium is established between neighboring stripes producing a homogenous field of x rays. These simulations were performed for a 6 ϫ 6 cm 2 field size ͑corre-sponding to six neighboring stripes͒.
MC simulations were performed to produce a threedimensional dose per incident fluence distribution matrix for the corresponding 10ϫ 10ϫ 6 cm 3 tissuelike material. Combining this matrix with the experimentally measured incident surface fluence rate of ⌽ = 812 mm −2 s −1 at 40 min exposure time per stripe results in a calculated total dose of 0.76 mGy for a 1ϫ 6 cm 2 single stripe ͑0.89 mGy for a six-stripe section measuring 6 ϫ 6 cm 2 ͒. 44 A typical dose from conventional mammography is 3-4 mGy. 41 It is clear that we are delivering a significantly lower amount of radiation with our DEXI technology.
D. Example data
The laboratory-based DEXI instrument described here was used to image a formalin preserved human cadaveric thumb. The sample was provided by the dissection laboratory of Rush University Medical Center, with Institutional Review Board approval. It is important to note that the aim of the work presented here is not to provide new anatomical findings of a human thumb, but rather to illustrate the capability of the instrument used to image the specimen.
The thumb which measures approximately 2 ϫ 3 ϫ 6 cm 3 was imaged in air under ambient conditions. Images of the specimen were taken using 15 analyzer positions with an exposure time of 240 s per angular position. The thumb was translated horizontally three times due to it being wider than the 12ϫ 60 mm 2 x-ray beam field of view. Figure 2 shows four DEX images of the thumb positioned upright and perpendicular with respect to the diffraction plane of our instrument. The calculated absorption image presented in Fig. 2͑a͒ is representative of an absorption image taken by a conventional clinical x-ray source. The primary structures that are observed in the absorption image are both the proximal and distal phalanges ͑labeled I and II͒ and the boundary between the skin of the thumb and the ambient air. Tendons and other soft tissues are not observed in this type of contrast image.
Utilizing other contrast mechanisms, i.e., refraction, extinction and scattering, additional anatomical structures of the thumb are observed. Features such as the flexor pollicis longus tendon ͑III͒, connective tissue of the fat pad ͑IV͒, and blood vessels ͑V͒ are detected ͓Figs. 2͑b͒-2͑d͔͒. The refraction image displays the most structural detail out of the four It is important to note the inherent registry of both hard ͑i.e., bone͒ and soft tissue ͑i.e., tendons͒ using DEXI technology. This type of overlap provides a unique perspective for determining the relative positions of the internal structures of a sample. However, it is also important to mention that depending upon how a particular feature is positioned relative to the diffraction plane of the instrument it may not be optimally observed in the DEX images. Features that are oriented perpendicular ͑vertical͒ to the diffraction plane are best visible in the corresponding refraction image; however, structures that are parallel to the diffraction plane ͑horizon-tal͒ are not. As a result, automated positioning algorithms are currently being pursued in which the sample can be rotated about multiple axes providing a means of minimizing this imaging effect.
IV. CONCLUSION
We have presented the design and application of a new laboratory-based ͑DEXI͒ system that has been used to image a human cadaveric thumb. A 2.2 kW silver anode x-ray tube was integrated with a compact, vibration-isolated, analyzerbased system. This table-top machine is capable of producing high-resolution DEX images without the use of a synchrotron radiation source. With an experimentally determined LSF of 160Ϯ 7 m in the horizontal direction and 153Ϯ 7 m in the vertical direction, our DEXI instrument has demonstrated the capability to detect both hard and soft tissues with simultaneous anatomical registry. The DEX images reveal anatomical structures that are normally undetectable using conventional x-ray techniques, while using far less radiation exposure to obtain the high contrast images. These preliminary results give great promise for the use of DEXI in a laboratory or clinical setting and provide a new state-of-the-art method for noninvasive imaging.
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FIG. 2.
A DEXI data set of a human cadaveric thumb ͑measuring ϳ2 ϫ 3 ϫ 6 cm 3 ͒: ͑a͒ calculated absorption image, ͑b͒ extinction image, ͑c͒ refraction image, and ͑d͒ scattering image. Observed anatomical structures: ͑I and II͒ proximal and distal phalanges; ͑III͒ flexor pollicis longus tendon; ͑IV͒ connective tissue; and ͑V͒ blood vessels.
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